Coastlines where waves consistently approach at highly oblique angles experience anti-diffusional behavior, causing perturbations to grow seaward and form sand waves, capes, and spits. Coasts where waves approach at low offshore angles experience the opposite: perturbations diffuse and the coastline remains (or becomes) smooth. In this paper, by coupling a 2-D large-scale coastline evolution model to a spectral wave model, we show that anti-diffusional behavior is also possible in low-angle wave climates if the nearshore wave field is altered by complex bathymetry. In model simulations, low-angle waves refract over local shoals, creating a convergence in alongshore sediment flux behind the shoals that coalesces into small 'minor capes'. Depending on wave height and period, shoreline features take 80-400 years to reach an equilibrium cross-shore relief of 1-1.5 km over an alongshore distance of~20 km. The modeled equilibrium time scale is consistent with analytically-determined characteristic shoreline diffusion time scales, and the modeled cross-shore relief and aspect ratio are similar to observed 'minor capes' along the U.S. Atlantic Coast where offshore bathymetric anomalies have previously been linked to shoreline change patterns. Better understanding of the links among nearshore bathymetry, wave transformation, and alongshore sediment transport is critical to understanding shoreline change patterns at the local level and how they fit into broader, regional-scale behavior.
Introduction
On sedimentary coasts, large-scale (N 1 km), long-term (N 10 1 years)
shoreline change is caused in large part by gradients in wave-driven alongshore sediment transport van den Berg et al., 2012; Ashton et al., 2001) . Sediment transport gradients are determined by the coastline's local orientation relative to incoming wave angles: where waves regularly approach the coast at high offshore wave angles (~N42°relative to the local shoreline angle), an instability arises that causes perturbations to grow seaward and form sand waves, capes, and spits (Ashton et al., 2001) . Likewise, on coasts where waves approach at low deep-water wave angles, perturbations tend to diffuse, and the coastline remains (mostly) smooth. Considerable attention has been given to the high-angle instability as an elegant and widely applicable explanation of plan-view coastline shapes, and multiple models have recently been developed to explore it (Ashton et al., 2001; Falqués, 2003; Falqués and Calvete, 2005; Murray, 2006a, 2006b; van den Berg et al., 2012; Kaergaard and Fredsoe, 2013a; Kaergaard and Fredsoe, 2013b; Kaergaard and Fredsoe, 2013c; Hurst et al., 2015) . But, perplexing and subtle shoreline patterns also arise in low-angle wave climates ( Fig. 1 ) and have received much less consideration . Examples include low-relief seaward-convex 'minor capes' (Riggs et al., 1995) in North Carolina, False Cape near Cape Canaveral, Florida, USA (Kline, 2013) , and a local shoreline bulge on Fire Island, New York (Schwab et al., 2000 Fig. 1) . In addition to the high wave angle instability, coastline features can also be explained by the antecedent geologic framework that underlies the modern, active beach profile (Riggs et al., 1995; Schwab et al., 2000; Bender and Dean, 2004; Honeycutt and Krantz, 2003; McNinch, 2004; Browder and McNinch, 2006; Valvo et al., 2006; Mallinson et al., 2010; Denny et al., 2013; Thieler et al., 2014 ). Antecedent geology can affect shoreline change rates in several ways, including through the differential erosion of alongshore-varying lithology as the shoreface retreats landward, and the erosion of relict sediments that can supply sand to the active profile (Honeycutt and Krantz, 2003; Browder and McNinch, 2006; . For example, Riggs et al. (1995) found that shoreline erosion rates in North Carolina, USA were the highest along shoreline segments underlain by relict drainage channels that provided little sediment to the active shoreface, and that subtle, kilometers-long shoreline undulations were correlated with structural highs in the geologic framework. Using a numerical model, Valvo et al. (2006) simulated the plan-view evolution of a sandy shoreline underlain by different lithologies and found, in support of Riggs et al. (1995) and others, that small shoreline Marine Geology 383 (2017) [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] undulations (b100 m in total cross-shore relief or amplitude) can be maintained in steady-state by variations in antecedent lithologic strength and composition. Sand-poor, softer lithologies erode rapidly and form recessed bays, whereas sand-rich, harder lithologies erode slowly and form small promontories.
Antecedent geology can also help create complex nearshore shoals or submarine headlands. Such bathymetric anomalies can alter the alongshore distribution of wave energy and induce gradients in alongshore sediment transport, even in the absence of high-angle waves. At smaller alongshore scales, McNinch (2004) , Schupp et al. (2006) , and Browder and McNinch (2006) observed spatial correlations between erosional hot spots and subaqueous shore-oblique sand bars, hypothesizing that local wave field modification over the complex bathymetry is responsible for local erosion. Similarly Riggs et al. (1995) qualitatively linked wave energy redistribution over nearshore shoals to shoreline change patterns in North Carolina. Bender and Dean (2004) developed an analytical model that examined how wave shoaling and refraction over nearshore shoals and dredge borrow pits influenced shoreline change over short time scales (days). They found that bathymetric anomalies altered incoming wave directions and set up gradients in alongshore sediment transport such that the shoreline tended to recede behind borrow pits and accrete behind and near shoals. Aforementioned numerical modeling by Valvo et al. (2006) over longer time scales (N 10 1 years) treated wave transformation in a basic way and could not account for complex bathymetry or wave energy convergence and divergence. All examples in Fig. 1 have prominent nearshore shoals that have been qualitatively linked to nearshore wave transformation and large-scale shoreline change (Riggs et al., 1995; Kline, 2013; Schwab et al., 2000; Schwab et al., 2013; Smith et al., 2008) , but only one study by Idier et al. (2011) has quantitatively considered the twoway interactions between wave transformation over complex bathymetry and shoreline change. That study (Idier et al., 2011) modeled the coupling between wave transformation and shoreline change and suggested a plausible mechanism by which low-angle waves locally refracted by nearshore shoals can cause shoreline undulations (megacusps) over time scales of days to weeks and alongshore scales of 10 2 -10 3 m.
In this paper, we explore how complex nearshore bathymetry can affect large-scale (N1 km) shoreline change in low-angle wave climates over 10 1 -10 2 year time scales. We use a modified form of the Coastline Evolution Model (CEM; Ashton et al., 2001; Murray, 2006a, 2006b ) that simulates shoreline change caused by gradients in alongshore sediment transport. For simplicity and efficiency, the original CEM shoals and refracts waves in the most basic way using linear wave theory and Snell's Law. The model assumes that bathymetric contours are shore-parallel and extend seaward only to a given shoreface depth (e.g. 10-20 m) . This simplification inherently excludes alongshore energy convergence and divergence and wave transformation over the continental shelf and, as such, it cannot account for complex bathymetry. To better honor wave transformation processes, we dynamically coupled the CEM to a 3rd generation spectral wave model, Simulating WAves Nearshore (SWAN; Booij et al., 1999; Ris et al., 1999) . SWAN can transform waves over complex bathymetry and provide the nearshore pattern of wave forcing (i.e. wave height, direction, period) that is necessary for CEM to compute longshore sediment transport gradients. The nearshore conditions computed by SWAN have been used to evaluate "instantaneous" patterns of erosion and accretion (Adams et al., 2011), but have not yet been coupled to a large-scale model, such as CEM, which allows the shoreline morphology to evolve. Unlike Idier et al. (2011) , however, the shelf bathymetry in this study remains stationary. Using the coupled models, we demonstrate a mechanism by which gradients in alongshore sediment transport can form steady-state, large-scale shoreline features such as 'minor capes' (Riggs et al., 1995) with cross-shore amplitudes (i.e. bay to cape tip) of up to 1.5 km. An improvement in our understanding of the links among nearshore bathymetry, wave transformation, and alongshore sediment transport is fundamental to understanding of shoreline change patterns at the local, municipality level.
Model background and methods
The intention of CEM is not to model actual coastlines in detail or to accurately represent site-specific nearshore morphodynamics. CEM is an exploratory model (Murray, 2007) and instead provides a behavioral perspective of the dynamics between nearshore wave transformation and shoreline change. We are asking basic questions about the effects of bathymetric shoals on coastline evolution (e.g. do shoals build coastline bumps, and if so, what are the length and time scales involved?), rather than about the details of a particular shoreline. As a result, the modeled shorelines should correspond to actual shorelines qualitatively as opposed to being an exact match.
The CEM simulates large-scale shoreline behavior caused by gradients in alongshore sediment flux and conservation of sediment according to the following equation Murray, 2006a, 2006b) :
where η is shoreline position (e.g., mean high water or another elevation datum on the beach face); t is time; D is the shoreface depth, or depth over which accretion or erosion occurs; Q s is volumetric alongshore sediment flux; and x is in the alongshore direction. The variable Q s is expressed by the semi-empirical CERC equation (Komar, 1971; Murray, 2006a, 2006b) :
where K is an empirical constant that relates wave forcing to volumetric sediment flux (Ashton and Murray, 2006a) ; H b is breaking wave height (here we use significant wave height); ϕ b is breaking wave angle, with zero being shore-normal and 90°shore-parallel; and θ is the local shoreline orientation. Sediment is assumed to be spread evenly over the depth of the active profile. As in most previous applications of CEM (e.g. Murray, 2006a, 2006b) Barkwith et al., 2014) . Unlike open boundaries, PBCs do not require decisions or assumptions to be made about sediment fluxes to and from the model boundaries. Our model is exploratory, so we use PBCs for simplicity. Open boundary conditions, however, may be more appropriate for simulating a specific stretch of coastline in higher quantitative detail, especially if the boundaries are coincident with known sediment sources or sinks (Barkwith et al., 2014) . The wave climate, or the time-averaged distribution of approach directions of the wave field relative to the orientation of coastline weighted by wave height and period, determines how the coastline will evolve. Two key dimensionless parameters are used to define the statistical distribution of wave climate: 'highness' (U) and 'asymmetry' (A). Highness quantifies the proportion of alongshore transport that occurs under high-angle wave conditions (defined previously by Ashton and Murray (2006a) as N42°at the base of the shoreface) in the overall wave climate. For example, a highness value of 0 means that deepwater high angle waves are not witnessed for the coastal location, and a highness value of 1 means that a wave climate is wholly high-angle. Asymmetry is the proportional influence of waves approaching the shoreline from the left and right directions. An asymmetry value of 0.5, for example, indicates a wave climate with an equal influence on sediment transport from both directions. The wave climate parameters U and A used here are different than those used in previous studies involving CEM (e.g., Murray, 2006a, 2006b) . In those studies, U and A are defined at the base of the shoreface -or the offshore extent of shore-parallel depth contours -in water depths less than about 25 m. Here, U and A are defined at the offshore boundary of the outer computational grid in 100 m water depth. So, we are transforming waves across the shelf from much greater depths and depth contours are not necessarily shore-parallel. Because of that, U and A values, and thus the long-term wave climate, are not directly comparable between our studies and previous studies that employed CEM. Given that we are simulating coastlines in low-angle wave climates, highness values in deep water will be 0 ≤ U b 0.5. We test asymmetry values between zero and one.
By replacing the CEM's existing basic wave transformation routine with a more robust spectral wave transformation model, a broader array of coastline behaviors -especially those influenced by nearshore shoals or irregular bathymetry -is open to model exploration. Henceforward, the version of CEM that is coupled to SWAN will be called CEMSWAN, while the original version with simple wave transformation will be called CEM. SWAN is a 3rd generation spectral wave model developed by the Delft University of Technology . It includes processes such as wave shoaling and refraction, wave generation by wind, wave-wave interactions, and energy dissipation due to whitecapping, bottom friction, and depth-induced breaking. For our purposes, SWAN is run using nested bathymetry grids. Stationary wave boundary conditions are assigned to an outer, coarsely gridded bathymetry domain that transforms waves and in turn provides boundary conditions at the margins of an inner, finely gridded domain (Fig. 2) . The outer grid repeats itself alongshore to stay consistent with the PBCs applied to CEM. It is made large enough to allow waves to fully transform before passing boundary conditions to the smaller nest grid. The finer-gridded nest bathymetry is coincident with the CEM domain, where wave-breaking conditions drive shoreline evolution. The simulations are based on the barrier island coast surrounding Rodanthe, North Carolina ( Fig. 1) . Bathymetry grids are Coastal Relief Models downloaded from the National Geophysical Data Center (NGDC), resampled to 320 m and 960 m for the nested and coarse grids, respectively, from an original cell size of~90 m. Thus smaller-scale bathymetric features, such as shore-oblique bars (e.g., Schupp et al., 2006 ) that can potentially affect shoreline change, cannot be resolved. Grids were also smoothed using a low-pass filter to reduce SWAN computation time. The coastline was manually straightened to provide synthetic initial model conditions from which the shoreline can grow and evolve (Figs. 2 and 5). After resampling, smoothing, and altering the coastline shape, the bathymetry grids represent the broad-scale characteristics of the Rodanthe area but are not meant to be exact representations, which is in line with the exploratory spirit of CEM.
Wave boundary conditions, including significant wave height, period, and direction, are applied along the offshore, shore-parallel domain boundary in~112 m water depth. The 112-m depth is the minimum depth for which wave conditions used in the model (see below) can be considered 'deep-water'. Wave conditions are then transferred to the higher-resolution nest grid along all (cross-shore and alongshore) offshore boundaries (Fig. 2) . SWAN is run in stationary, 2-D mode with a 10-degree directional spread using a JONSWAP spectrum (Hasselmann et al., 1973) ; quadruplet wave-wave interactions are disabled, as is wave energy dissipation via breaking because we use a depth-induced breaking threshold instead (see below). To save time, SWAN is run every other model time step (1 day). The shoreline morphology does not change enough during a single time step to make a significant difference in how the waves transform over the nearshore. For a single model simulation of 300 years, SWAN would therefore run 54,750 times. As a result, CEMSWAN model runs can take up to four weeks using 4-8 processor cores with 2000 megabytes of memory each.
Wave breaking conditions are found in SWAN by applying a depthinduced breaking threshold to the SWAN-calculated significant wave height grids. The threshold is expressed as γ = H/d, where H is significant nearshore wave height (determined in part by wave period and angle relative to the coastline) and d is water depth. Typical observed and experimental values of γ range from 0.5-1.5 (Komar, 1998) . However, using SWAN, a lower value of γ is often necessary depending on the grid cell size, wave height, and shoreface slope. For example, taking γ = 0.78 (a commonly used value; Komar, 1998 ) and a breaking wave height of 1 m, the estimated wave breaking depth is 1.3 m. If we further assume a linear shoreface slope of~0.01, the wave breaks approximately 130 m offshore. In order to resolve the γ = 0.78 threshold, the maximum grid cell size should be 130 m. A maximum γ value, γ crit , below which the wave-breaking threshold can be resolved for a given wave height and cell size is shown in Fig. 4 . List and Ashton (2007) used the same method to extract wave-breaking conditions from SWAN model output and also found that the value of γ must be less than what is typically used to identify the breakpoint. They used γ = 0.3, and found that varying γ between 0.2 and 0.4 had little effect on the results. In our experiments, model stability deteriorated significantly when γ N 0.5, and varying γ within the range 0.2 ≤ γ b 0.5 did not affect model behavior. Ideally, one would prefer the grid cell size to be as small as possible. But, iterating SWAN tens of thousands of times to simulate a century of shoreline change with CEMSWAN is computationally expensive. There is an optimal balance between reducing computation time (by increasing cell size) and adequately resolving the wave-breaking threshold and bathymetric features (by decreasing cell size). Here we strike that balance with a cell size of 320 m and γ = 0.2.
As the shoreline changes position through time, the shoreface bathymetry must also change. Using a uniform slope of 0.01, shoreface bathymetry is interpolated linearly offshore from each shoreline cell during each time step (Fig. 2) . If the shoreline accretes, the shoreface will extend perpendicular seaward offshore until it intersects the nested bathymetry grid. Seaward of the intersection, the bathymetry is not altered. If the shoreline erodes, the shoreface leaves behind a flat ravinement surface at its offshore base of depth D. A consequence of this simple method is that the shoreface depth may not be constant in time or space. The alternative is to force the shoreface to a prescribed depth regardless of shelf bathymetry. But that can leave bathymetry artifacts at the base of the shoreface that induce discontinuities in nearshore wave height and direction. To maximize bathymetric continuity and accurate wave transformation, we let the shelf depth determine the intersection between it and the shoreface. This approach works sufficiently well for simple, low-curvature coastlines, like the ones presented here. However, for high-curvature coastlines with steep capes and recurved spits, shoreface evolution should be improved (e.g. Kaergaard and Fredsoe, 2013c; Hurst et al., 2015) .
The models are coupled using the University of Florida High Performance Computing Cluster. Because CEM and SWAN 'speak' different languages (C and Fortran, respectively) a UNIX shell script sequentially executes the models and mediates the exchange of information between them. The order of operations is shown in Fig. 3 . At each time step (1 day), a deep-water wave angle relative to the coastline orientation and approach direction (i.e., from the left or right) is selected randomly, with replacement (meaning a given value can be picked multiple times), from a probability distribution function defined by U and A calculated from nearby wave buoys. SWAN uses the wave angle and direction, as well as a specified wave height and period, as its boundary conditions. The waves are then transformed over the nested bathymetry grids every other time step. CEMSWAN imports the computed significant wave height and direction grids exported by SWAN, and finds the depth-induced wave-breaking threshold offshore of each shoreline cell. Wave breaking conditions are extracted from the cell containing the wave-breaking threshold. Next, CEMSWAN uses the wave breaking conditions to calculate alongshore sediment flux (and associated gradients) and updates the shoreline position. Shoreface bathymetry is interpolated linearly offshore until it reaches the maximum shoreface depth (D) or the shelf. Finally, the updated shoreline position and updated bathymetry are exported back to SWAN for the next computational iteration of wave transformation. The model is typically run for 80-425 model years.
The general influence of bathymetric anomalies on shoreline behavior is outlined in the Results section using a suite of initial, generic model simulations. The Rodanthe study site was chosen because 1) substantial shoals and a submarine headland are found offshore (Fig. 2) , 2) a 'false' or 'minor' cape exists there (Fig., 1; Riggs et al., 1995; Smith et al., 2008) that has been linked to wave transformation across the shoals, and 3) the town of Rodanthe is experiencing locally severe shoreline retreat of over 3 m/yr that may be related to the shoals and the shoreline configuration (Riggs et al., 1995) . Eight model runs were completed to illustrate the effects of different wave climates (defined by highness, asymmetry, wave height, and wave period) and the presence of nearshore shoals on shoreline behavior.
Results
An initially straight shoreline position with featureless nearshore and shelf bathymetry that increases in depth monotonically was allowed to evolve by running CEMSWAN and serves as a reference point for the model simulations with bathymetric anomalies (Fig. 5A-C) . The wave climate is diffusional (all waves are low-angle; U = 0) with a wave height of 2 m and period of 12 s. We expect the shoreline position to remain straight given the diffusional wave climate (Ashton and Murray, 2006a) . That is indeed the case Fig. 5A , B and C shows the final time-averaged significant wave height and wave direction from several thousand SWAN outputs. There is no variation in the alongshore wave height and direction, and the mean wave direction is~0°(A = 0.5; average wave rays maintain shore-perpendicular paths).
Six additional test model runs were completed with CEMSWAN to test model behavior with different wave heights, periods, and approach directions. For the additional runs, the initial shoreline was straight, like the reference simulation above; however, waves were transformed over nearshore shoals based on the nearshore bathymetry at Rodanthe, NC. Two characteristic wave height and period sets were used: 2 m and 12 s, and 1 m and 8 s. Wave asymmetry (A) values of 0, 0.5, and 1 were applied to each wave height and period set. For both wave sets, the shoreline accretes behind the shoal complex and erodes on either side of it, forming a 'minor cape'. Results from an example with the larger wave set and wave asymmetry (A = 0.5), the same wave conditions applied to the run in Fig. 5A -C, are shown is Fig. 5D-F . Relative to the simulation with planar nearshore and shelf bathymetry (Fig. 5A-C) , the presence of irregular bathymetry alters the wave transformation process. As waves transform over the alongshore-variable depths, they refract and converge on the submarine headland. Coincident with the locally refracted wave direction, alongshore sediment transport is directed towards the shoreline behind the shoals where sediment converges and the coast accretes seaward. On either side of the shoal complex, there is a divergence of alongshore sediment flux and the shoreline retreats (Figs. 5A and 6). The shoreline continues to accrete behind the shoals and erode along its flanks until it reaches an equilibrium curvature at which gradients in alongshore sediment flux equal zero. Although Fig. 5 shows results from only one of the model runs with shoals present, the shoreline evolution and wave shoaling patterns look similar for all runs.
The equilibrium cross-shore relief and the alongshore position of the minor cape exhibit dependence on wave climate asymmetry as well as wave height and period. Varying the wave climate asymmetry changes the direction and distribution of net alongshore sediment transport and the cape feature shifts alongshore: predictably, when all waves come from the left (A = 1), the equilibrium bump is shifted to the right, whereas when all waves come from the right (A = 0), the bump shifts to the left (Fig. 7) . Comparing results from the two different wave height/period input conditions, the cross-shore relief of the minor cape is larger for the 2 m, 12 s wave set relative to the 1 m, 8 s wave set (Figs. 7 and 8 ). This is because the longer-period waves have deeper wave orbital motions and therefore refract more over the shoals, bending further from shore-normal. Correspondingly there is a larger gradient in alongshore sediment flux between the adjacent straight, shoal-less coast and the coast behind the shoals. Conversely, the shorter-period waves refract less across the shoals, and the gradient is less pronounced. As a result the equilibrium curvature is smaller for the milder wave set, and larger for the more energetic wave set. The minor cape associated with the smaller waves requires a longer time to reach equilibrium (~400 years) because Qs is smaller (and Qs gradients have smaller magnitude). Within each wave set, the A = 0 simulations (all waves approach from the right) produced the largest total shoreline relief, measured from the bay to the cape apex. The bathymetry is asymmetric in that it is shallower on the right side as compared to the left (Fig. 5) , which causes differences in the transformation of deepwater waves from right versus left approach directions. Consequently, gradients in alongshore sediment flux differ depending on wave asymmetry, with slightly different equilibrium shoreline curvatures satisfying those gradients. In the case of A = 0, the shallower bathymetry on the right side of the submarine headland causes more wave refraction there and larger gradients in alongshore sediment flux across the rest of the domain, leading to larger curvature and planform relief of the shoreline.
CEMSWAN was run again using the same bathymetry but with a wave climate that is more representative of conditions at Rodanthe, NC. Using U.S. Army Corps of Engineers Wave Information Study (WIS) hindcasts from 1980 to 2010 (http://wis.usace.army.mil/) and the methods outlined in Ashton and Murray (2006b) for calculating a long-term wave climate, we found U = 0.4, A = 0.6, mean wave height is~1.6 m, and mean period is 9 s. The results are similar to those Step 1
Step 2
Step 3
Step 4 1 iteration = 1 timestep presented above, as the shoreline evolves to a stable steady-state configuration with a planform relief of~1300 m (Figs. 7 and 8) . The larger proportion of high-angle waves (within the overall low-angle wave climate) causes the shoreline to evolve more slowly, however. High-angle waves refract more across the shelf than low-angle waves and arrive to the coast with smaller heights and less energy to drive alongshore sediment transport. The shape of the model shoreline, with an aspect ratio of 0.06 (cross-shore relief of 1250 m divided by alongshore length of 22.4 km), is similar to the observed aspect ratio of 0.08-0.09 at Rodanthe (amplitude of approximately 2200-2500 m divided by alongshore length of 28 km).
Discussion
The difference in time to equilibrium for the different wave sets (Fig.  8) can be considered in terms of characteristic landscape or shoreline diffusion (or anti-diffusion) equilibrium time scales (Haff, 2007; . The time to equilibrium (t 0 ) is
where x is the alongshore spatial scale, in this case~22 km, and μ is shoreline diffusivity expressed as
where K is an empirical coefficient and D is the shoreface depth Murray, 2006a, 2006b) . The ratio of the times to equilibrium, t*, provides a compact comparison Γ crit is the maximum wave breaking threshold (H b /depth) that can be spatially resolved for a given wave height and grid resolution. For small wave heights and/or coarse grid resolutions, the wave breaking threshold must be smaller in order to shift the wave breaking position seaward into water depths greater than zero. Plotted breaking wave heights can result from any combination of deep-water wave height, period, or direction.
meaning that the time to equilibrium for the large wave set should be approximately 0.2 of the time for the small wave set. Results in Fig. 8 show that this is indeed the case: time to equilibrium is~80 years and 400 years (80/400 = 0.2) for the large and small wave sets, respectively. Model results also show that the time to equilibrium using the timeaveraged Rodanthe wave climate is~170 years. To apply Eq. (2) to Rodanthe, we take K = 0.15 m 3/5 s -6/5 , which is appropriate when using significant wave heights in the CERC equation (Ashton and Murray, 2006b ), a mean shoreface depth of 10 m , and use the alongshore extent of the model domain (x = 22.400 m). Using output from WIS hindcasts between 1980 and 2010, as above, the calculated time to equilibrium is~152 years. The equilibrium minor cape produced by the model is similar to that at Rodanthe, as are the observed long-term shoreline change rates between 1860 and 1999 (Morton and Miller, 2005) . Rodanthe has experienced erosion on either side of the shoal, and accretion behind it, but the pattern is complicated by the existence of historic inlets on the north side of the minor cape (Fig. 9) . The most recent inlets, Loggerhead Inlet and New Inlet, were active during the 1860s and during the 1940s, respectively (Smith et al., 2008; Fig. 9) . Since the inlets have closed, the shoreline retreat rates in this area have been among the highest in North Carolina, in some cases N 3 m/yr (Morton and Miller, 2005) . The chronic erosion has been qualitatively attributed to wave energy focusing caused by nearshore bathymetry (e.g. Riggs et al., 1995) . Our results suggest that the severe erosion at Rodanthe is a response of the coast readjusting to a stable equilibrium curvature (caused by wave energy focusing due to along nearshore bathymetry) after local, temporary perturbations (caused by nearby inlet breaching and subsequent closure).
Cross-shore Cross-shore Wave direction shoals Fig. 6 . Schematic of how nearshore shoals affect transformation of a shore-normal wave field, which leads to gradients in alongshore sediment transport (Qs) and areas of negative divergence (coastal accretion) behind the shoal.
The time to equilibrium of 152-170 years is comparable to the time elapsed since the inlets closed -~156 years -suggesting that the coastline is close to an equilibrium configuration. CEMSWAN cannot simulate inlet dynamics, however, so this explanation remains speculative and is worthy of further investigation.
Other examples of minor capes located landward of nearshore bathymetric anomalies in low-angle wave climates are False Cape, Florida (near Cape Canaveral) and an area of Fire Island, New York (Figs. 1 and 9 ). Both locations show coastline shapes and long-term shoreline change patterns (Morton and Miller, 2005; Hapke et al., 2011) qualitatively similar to those produced by CEMSWAN with shoreline accretion directly behind the shoals and erosion on either side (Figs. 5D, 9) . The minor cape at Fire Island (Fig. 1C) has an aspect ratio of approximately 0.06 (A ≈ 1.5 km, x ≈ 23 km), which is the same as the aspect ratio from our model results and slightly less than that of Rodanthe (0.08). Schwab et al. (2000 Schwab et al. ( , 2013 documented a submarine headland near the apex of the Fire Island minor cape, along with many oblique shorefaceconnected sand ridges that influence nearshore wave transformation (Warner et al., 2014) . The Fire Island shoals are also thought to be a cross-shore source of littoral sediment (Hapke et al., 2010; that can also explain the observed shoreline change signal. False Cape (Fig. 1B) has an aspect ratio of approximately 0.1 (A ≈ 1.4 km, x ≈ 14 km) and is bounded offshore by a complex series of shallow ridges and sandy shoals that induce nearshore wave refraction (Kline, 2013) . The NASA Kennedy Space Center is located along False Cape, where launch pads and critical launch infrastructure are threatened by rapid shoreline retreat north of cape apex (Figs. 1 and 6 , Kline, 2013) . CEMSWAN simulations suggest a mechanism for how shoreline shapes like Rodanthe, Fire Island, and False Cape may develop as a result of wave interactions with complex nearshore bathymetry. Locally observed behavior such as the rapid erosion at Rodanthe and the north side of False Cape is thus a cog within larger-scale regional shoreline change patterns. In the future, if long-term wave climate asymmetry shifts its directional distribution (Moore et al., 2013; Johnson et al., 2015) , additional local North Carolina Fig. 9 . Long-term (N100 years) shoreline change patterns at Rodanthe, False Cape, and Fire Island. At all sites, areas immediately behind an observed nearshore shoal complex have accreted, while neighboring shorelines have undergone erosion. Shoreline change rates were calulated using data from the U.S. Geological Survey National Assessment of Shoreline Change (Morton and Miller, 2005; Hapke et al., 2010) . Bathymetry for Fire Island and False Cape are shown to the right of the shoreline change plots. The shoreline change pattern at Rodanthe is complicated by historical inlets, shown by the 1860 shoreline position: as the inlets have closed, the shoreline has relaxed to an underlying equilibrium curvature created by the minor cape. and regional shoreline changes are likely if minor capes translate alongshore (Fig. 7) , as indicated by model simulations. Idier et al. (2011) showed that the mechanism of nearshore shoalinduced refraction, discussed herein (Fig. 6) Idier et al. (2011) , the shoals in CEMSWAN do not interact with the shoreline and are static (unless they are overtaken by the shoreface as the minor cape grows seaward). If, however, the shoal complex continued to evolve seaward with the shoreline, the minor cape could continue to attract additional wave energy as it grew in cross-shore relief. Additional wave energy convergence would cause further cape growth, and in turn more wave energy convergence: a potential positive feedback (Idier et al., 2011) . A factor that is not explored here is the 'prominence' of the shoals, or how much they rise above the surrounding inner shelf relief and how much area they cover. We would expect cross-shore planform relief to decrease if the shoal area and/or vertical deviation above the shelf decreased, and vice versa. Because CEMSWAN is computationally expensive to run we did not resolve or consider smaller bathymetric features such as shore-oblique bars (Garnier et al., 2006) , which can locally affect shoreline change (McNinch, 2004; Schupp et al., 2006; Browder and McNinch, 2006) . But, the physical mechanism described here should also operate at smaller spatial scales, as shown by Idier et al. (2011) . Using more detailed bathymetry and/or a smaller grid cell size at the Rodanthe site would likely alter the comparisons between the modeled and observed shoreline shapes -but we are making qualitative comparisons with the Rodanthe shoreline to see if the dynamics in the model seem relevant to the natural case. Redoing the model runs for Rodanthe or other sites with higher-resolution bathymetry (or a more complex model, see below) would provide additional insights to the dynamics presented here, but is beyond the scope of this initial work.
In fact, the spatial accuracy of the bathymetry may not be the limiting factor in the quantitative reliability of the model output. The model cell size of 320 m used here is quite large to accurately resolve wavebreaking characteristics given the restrictions on γ shown in Fig. 4 . For this introductory work on simple, low-curvature coastlines, we sacrifice accuracy to gain computational efficiency. But in some cases the opposite will be necessary, where accuracy (and precision) is absolutely necessary regardless of the decrease in efficiency. Modeling complex, highcurvature coastline features like spits and flying capes would require better resolution of the wave breakpoint. The instability arising from high-angle wave influence involves alongshore variations in breaking wave height related to local coastline orientation; where the coastline has a higher angle relative to the offshore wave crests, more refraction will occur. That refraction reduces wave heights, delaying depth limited breaking, which fosters further refraction-and associated decreases in wave heights. The result is smaller waves breaking closer to shore for some coastline orientations than for others. Fully capturing this effect requires higher resolution in the cross-shore direction. The requirement for greater cross-shore resolution is exacerbated for waves with small offshore heights and short periods, which break close to shore in any case. One way to increase cross-shore resolution without significantly increasing computational time is to extract the wave characteristics from SWAN in a shore-normal direction from the local coastline at the depth of the shoreface, after the waves have transformed over the shelf, then use the 'classic' CEM shoaling routine. The classic routine uses linear wave theory and Snell's law to bring the waves to the breakpoint, across the shore-parallel shoreface, at higher spatial resolution. This would allow the calculation of long-term wave climate (i.e. the parameters U and A) at the base of the shoreface, making the long-term wave climate transferable between this study and previous studies that have used CEM. Furthermore, with such an approach the U and A combinations that produce various coastline morphologies Murray, 2006a, 2006b ) like flying spits and capes could be understood in the context of the entire shelf, and its inherent bathymetric complexity, rather than only the shoreface.
CEM is especially well suited to simulate large-scale shoreline behavior over long (centuries to millennia) time scales. But, a different shoreline model could be used instead, such as the well-known oneline model GENESIS (Hanson, 1989) , or UNIBEST (e.g. Ruggiero et al., 2010; Szmytkiewicz et al., 2000) . For wave transformation, the spectral wave model STWAVE (e.g. Gonçalves et al., 2012) or a wave ray-based transformation model (e.g. Adams et al., 2002; Whitley, 2014) could be used in place of SWAN. Kaergaard and Fredsoe (2013c) completed a detailed shoreline model that includes alongshore sediment transport, nearshore hydrodynamics, and a spectral wave model. The model is capable of handling complex bathymetry, high-curvature coastlines, and high-angle wave climates over millennial time scales. The authors also developed an effective method to evolve shoreface bathymetry and successfully modeled the evolution of a migrating spit in Denmark over 2700 years. Kaergaard and Fredsoe's (2013c) model could be used to more rigorously compare the general predictions presented herein to actual coastlines, and to parse out what other hydrodynamic processes might be important to the shoreline's response to wave transformation over complex bathymetry. Although the quantitative details might differ, we would expect the basic behavior shown here by CEMSWAN to be similar to that produced by other models.
This study only scratches the surface of potential links among nearshore bathymetry, shoreline change, and coastal configurations that emerge in low-angle and high-angle wave climates. Future model additions and improvements could include dynamic shoals that are linked to the shoreline and exploration of shoreline features formed by highangle waves and their relationship to shoals (e.g. McNinch and Wells, 1999; Park and Wells, 2005) . Improving coupled model efficiency using, for example, the open-source Community Surface Dynamics Modeling System (CSDMS) framework (https://csdms.colorado.edu/), or using a more streamlined wave model, would improve the efficiency of running simulations at higher spatial resolutions and over longer time scales.
Conclusions
By coupling a large-scale shoreline change model to a spectral wave model, we have shown that wave transformation over complex nearshore bathymetry in low-angle wave climates can produce observable large-scale shoreline change (Fig. 5 ): wave energy flux convergence along nearshore shoals, and energy flux divergence along the adjacent coastline, promotes the growth of minor capes with equilibrium crossshore amplitudes (planform relief) up to 1.5 km. The time scale of minor cape growth to equilibrium depends on long-term wave height and period (Eq. (5)) and in our model runs it varied between 80 and 400 years for energetic (2 m, 12 s) and mild (1 m 8 s) wave conditions, respectively. The cross-shore relief of the shoreline undulations also varies with wave characteristics. Small-period waves cause smaller gradients in alongshore sediment flux, and thus a smaller shoreline curvature (and cross-shore relief) is required to reach equilibrium. At equilibrium, gradients in alongshore flux equal zero across the model shoreline. Varying wave approach direction shifts the apex of the cape alongshore: a dominant wave approach direction from the right (left) shifts the apex left (right). Modeled minor capes are qualitatively similar in aspect ratio to those observed along the East coast of the United States (Rodanthe, Fire Island, and False Cape; Fig. 1 ) where nearshore bathymetric anomalies have previously been linked to shoreline change. two anonymous reviewers, and the UF High Performance Computing Center for providing additional insight and technical support.
